Polyelectrolyte multilayer films adsorbed on gold surfaces were studied by combined ellipsometric and electrochemical methods. Multilayers were composed of "synthetic" (poly(4-styrenesulfonic acid) ammonium salt (PSS) and poly(allylamine hydrochloride) (PAH) (PSS/PAH)) and "semi-natural" (carboxymethyl cellulose (CMC) and chitosan (CHI) (CMC/CHI)) polyelectrolytes. It was found that only PSS/PAH Layer-by-Layer (LbL) assembled structures result in dense surface confined films that limit permeability of small molecules, such as ferri-/ferrocyanide. The PSS/PAH assemblies can be envisaged as films with pinholes, through which small molecules diffuse. During the LbL deposition process of these films a number of pinholes quickly decay. A representative pinhole diameter was found to be approximately 20 μm, which determines the diffusion of small molecules through LbL films, and yet remains constant when the film consists of a few LbL assembled polyelectrolyte bilayers. CMC/CHI LbL assemblies at gold electrode surfaces give very low density films, which do not limit the diffusion of ferri-/ferrocyanide between the surface of the electrode and the solution.
Introduction
Polyelectrolyte multilayers assembled from oppositely charged polymers have gained a considerable scientific interest inspired by possible application in the fields of, e.g., biosensors [1] , electronic devices [2] , drug delivery carriers [3] , micropatterning [4] , membranes [5] , and microcontainers for molecules encapsulation [6] . The multilayer construction technique using Layer-by-Layer (LbL) deposition procedure was first introduced by Decher [7] in the beginning of 1990s and initially realised on solid surfaces. Lately, the thin films were applied on almost any type of charged substrates regardless its shape and origin including even enzymes [8] , proteins [9] , colloidal particles [10] , and nanoparticles [11] . Furthermore, incorporation of the materials with functionalities, such as biomolecules, cells [12] , dendrimers [13] , and inorganic nanoparticles [14] into polyelectrolyte multilayers significantly broadened properties and potential applications of the polymer films.
The main driving force of multilayer self assembly is electrostatic attraction between oppositely charged polymers [15] carrying a minimum charge density depending on the polymer system [16] , i.e., 20% of charged blocks per chain could be sufficient for multilayer formation [17] . In addition, short-range secondary interactions (hydrophobic, hydrogen-bonding) and steric repulsions determine the multilayer structure. Long-and short-range interactions usually lead to charge reversal of the multilayer after each deposition step [18] .
Initially, the architecture of the polyelectrolyte films has been thought as a lamella structure, consisting of individual molecular layers, where polyanions and polycations intimately interdigitate one another [19] . However, later it was shown that LbL assemblies are dynamic and not perfectly well defined multi-composite systems, with a diffuse change between interpenetrating layers [20] . In case of adjacent, flexible layers of poly(styrene sulfonate) (PSS) and poly (allylamine hydrochloride) (PAH) internal interface roughness measured by neutron reflectometry [21] and X-ray reflectivity [22] were found to be in the order of 2 nm. Amorphous nature of the polymer multilayers has been extensively studied also by scanning electron and atomic force microscopy [23] , confocal spectroscopy [24] , focused ion bean [25] , surface plasma resonance [26] , quartz crystal microbalance [27] , ellipsometry [28] , and electrochemistry [29] .
Self assembly process provides a possibility to adjust and control thickness of the film with nanometre precision, inter alia, by adding salt to the polyion solutions [30] . The layer thickness increases with the ionic strength of the dipping solution [31] , and within the concentration range 0.5 to 3 M grows linearly in case of PSS/PAH system [21] . Polymer film development, in terms of mass and thickness with the number of deposition steps, proceeds either in linear or exponential manner depending on ionic strength of the polyelectrolyte solution, charge density, and pH (in case of weak polyacids or polybases) [32, 33] . The best known linearly growing systems with 1 to 10 nm thickness per layer are composed of PSS/PAH [34] , poly(diallyldimethylammonium) (PDADMAC)/PSS [35] or poly (acrylic acid) (PAA)/PAH [32] polymers. Exponentially increasing films consist of natural polyelectrolytes and poly(amino acid)s, i.e., poly(L-lysine) (PLL)/hyaluronic acid [36] , poly(L-glutamic acid) (PGA)/PLL [37] , and PGA/PAH [27] . They proved to be much less structured and highly hydrated films, behaving as a polycation/ polyanions gels, and partly due to their bio-mimicking properties suitable for biomaterial coatings [38] . The exponential growth of multilayers is highly linked to vertical (normal to the surface) mobility of polyelectrolytes within layers, e.g. PGA/PLL assemblies, and diffusion "in" and "out" through the whole structure during each double layer deposition step [39] . Moreover, lateral mobility of polymers chains in multilayer matrix was also observed and controlled by the interaction forces between neighbouring polyelectrolyte stratum, and by swelling features of the polymer complexes [40] . The structure of the multilayers is ruled by the primary adsorption conditions with variation between the newly adsorbed part and re-swollen precursor part of the films. The water content of the already established layers is about 10% lower than in the freshly adsorbed layers, where the water volume fraction is close to 56%, which causes a gradient in density across the multilayers system [31] . The mass density of multilayers depends on a complex relationship between the charge density, intrinsic chain rigidity, and hydrophobic/hydrophilic balance [41] . The above mentioned parameters are particular for the chemical structure of polyelectrolytes, though capable of being regulated by pH for weak polyacids or polybases. Besides the density impact, the permeability of polymer films can be adjusted with the number of assembled polyelectrolyte layers [42] and with the solution concentration of salts [43] . The understanding and control of multilayer porosity provide appealing ways of controlled release of encapsulated compound, and open up new applications of polyelectrolyte films.
Our work focuses on the investigation the diffusion properties and permeability of polymer multilayers, and evaluation of the theoretical models describing mass transport of solution species through the film. The "pinhole model" describes polymer as an impenetrable layer comprising of many small pinholes serving as a channels for the penetrating molecules. The multilayer can also be considered as a homogeneous phase ("membrane model"), through which a homogeneous diffusion of different species occurs [44] . When the number of layers increases simultaneously with the thickness of the film the diffusion process transforms from linear to radial and the multilayers could be envisage as an array of microelectrodes. To distinct between these two mentioned models electrochemical techniques, specifically, chronoamperometry and cyclic voltammetry can be used [45, 46] . Another frequently used method to study multilayers development on solid surfaces is ellipsometry. We have combined electrochemical and ellipsometric methods to study the structure of polymer multilayers, as application of these joined methods have only been subject to limited research [47, 48] .
The present paper concentrates on two polyelectrolyte systems chosen to acquire properties of multilayer films based on "totally artificial" and "semi-natural" polymers. Well described in the literature multilayer model system based on synthetic polymers: PSS/PAH has been compared to a polysaccharide system: carboxymethyl cellulose (CMC) and chitosan (CHI) (CMC/CHI). The polymer multilayers have been prepared by the LbL technique on gold surfaces modified with poly(ethylene imine) (PEI). One of the multilayer formation parameters, i.e., the adsorption and rinsing medium, has been varied in order to understand the effect on the multilayer thickness, the adsorbed amount, and the structure in respect to diffusion properties of small charged redox molecule, i.e. the ferri-/ ferricyanide ion.
Experimental

Reagents and solutions
Poly(ethylene imine) (PEI) (50% w/v in water; M w ≈ 750 000), poly(4-styrenesulfonic acid) ammonium salt (PSS) (30% wt. in water; M w ≈ 200 000), poly(allylamine hydrochloride) (PAH) (M w ≈ 70 000), sodium carboxymethyl cellulose (CMC) (M w ≈ 90 000), chitosan (CHI) from crab shells, (low-viscosity; M w ≈ 750 000), NaH 2 PO 4 , Na 2 HPO 4 , NaCl, KCl, H 2 SO 4 , K 4 [Fe(CN) 6 ], citric acid, and buffer salt tris(hydroxymethyl)aminomethane (Tris) were used as received from Sigma-Aldrich Sweden AB (Stockholm, Sweden). Deionised water (18 MW, PURELAB™ ELGA LabWater, UK) was used for preparation of all solutions and for cleaning procedures. Polyelectrolytes used for preparing PSS/PAH films were dissolved in 20 mM Tris buffer with 100 mM KCl, pH 7.8, whereas polysaccharides, CMC/CHI, in 50 mM citrate-phosphate buffer with 50 mM NaCl, pH 5.5. In case of chitosan, all adsorption solution contained additionally 1 vol.% of acetic acid. Furthermore, solutions for electrochemical studies contained 4 mM K 4 [Fe(CN) 6 ] in the above noted buffers.
Due to the different buffers used the influence of the type of salts on the properties of the adsorbed films both during the process and on established layers in terms of permeability to the redox probe was also investigated. No significant difference was found between the films made in the presents of either Na + or K + ions. This is in agreement with the previous report stating that the thickness of the PAH/PSS layers is independent on the kind of salt (NaCl or KCl). However the polyelectrolyte multilayers adsorbed from NaCl solutions might have more bound water [49] .
Ellipsometry
The multilayer film formation was monitored using in situ ellipsometry, an optical method based on measuring changes in the polarization of the light reflected at a planar surface. An automated ellipsometer (type 43603-200E, Rudolph Research, Fairfield, NJ, USA) was equipped with a xenon lamp of a fixed angle of incidence (67.83°) and the light detector (442.90 nm) with an interference filter (ultraviolet and infrared blocking, Melles Griot, Netherlands). The substrates for ellipsometric studies were manufactured in a Balzers UMS 500 P system by electron-beam deposition of 200 nm of gold onto silicon (100) wafers, precoated with a 2.50-nm-thick titanium adhesion layer (Laboratory of Applied Physics, Linköping University, Sweden). Prior to each experiment the gold surface was cleaned electrochemically for 30 min in 500 mM H 2 SO 4 by means of cyclic voltammetry, i.e., by sweeping the applied potential between 0 and 1.9 vs. NHE with scan rate of 100 mV s − 1 for 30 min. Next, the surface was vertically mounted into a glass trapezoid cuvette (Hellma, Germany) containing 5 ml of solution thermostated at 25°C and equipped with magnetic stirrer. Additional specification of the ellipsometer setup is described by Landgren and Jönsson [50] . In order to determine the refractive index of the gold surface, prior to each measurement, a twozone surface characterization in solution was carried out. After a stable baseline was obtained, polymers from stock solutions were added to the cuvette and the change in ellipsometric angels were recorded in situ every 15th second. The adsorbed amount (Г) on the surface was calculated from the time-determined values of the mean optical thickness (d f ) and the refractive index (n f ) of the layers according to Feijter formula (Eq. (1)), where n medium is the refractive index of the adsorption solution [51] :
The refractive index increment value (dn/dc) of 0.196 ml g − 1 was used, as reported by Caruso et al. [52] , for PSS/PAH multilayers, whereas 0.17 ml g − 1 for CMC/CHI film averaged from values determined for CMC 0.15 ml g − 1 [53] and 0.19 ml g − 1 for chitosan [54] . Precursor layer of polyethyleneimine (1 mg ml
) for both studied systems was adsorbed for 5 min on the bare gold surface immersed in buffer or water. After that the cuvette was rinsed for 5 min with relevant solution at a continuous flow of 0.3 ml s − 1
. In an identical manner regarding adsorption times and washing parameters other polymers were applied on the PEI-coated gold surface. A final polyelectrolyte concentrations in the adsorption medium was 1 mg ml − 1 in case of PSS/PAH and 0.1 mg ml − 1 for CMC/CHI system. The adsorption and rinsing cycles were repeated until 9 double layers of particular polymer arrangements were received. All ellipsometric experiments were performed at least in duplicate.
Electrochemistry
All electrochemical measurements were performed using a threeelectrode BAS CV-50W Voltammetric Analyzer (BAS, Bioanalytical Systems, West Lafayette, IN, USA) with Ag|AgCl|KCl sat reference electrode (BAS), a platinum wire counter electrode, and gold working electrode (MF-2014, BAS). Working electrode was double cleaned by polishing on Microcloth® PSA cloth (Buehler GmbH, Düsseldorf, Germany) with AP-D 0.1 μm Alumina suspension (Struers, Copenhagen, Denmark), followed by rinsing with water and sonication for 5 min in between. Then, the gold electrode was cleaned electrochemically, by means of cyclic voltammetry, for 30 min in 500 mM H 2 SO 4 at a scan rate of 100 mV s
. Modification of the electrodes with polymers was performed by immersing for 5 min into 10 ml rigorously stirred polyelectrolyte or rinsing solutions, respectively. Each time, the washing step included three freshly prepared rinsing solutions for efficient washing of loosely bound polymers. A precursor layer of PEI (1 mg ml − 1 ) was, always first, adsorbed on the cleaned electrode surface either from the buffer or the aqueous solution depending on the system under the investigation. Subsequently, in the case of PSS/ PAH multilayers, the electrode was modified in 1 mg ml − 1 PSS, washed, modified with 1 mg ml − 1 PAH, and again washed. Afterwards, the procedure was repeated until required 9 bilayers were deposited. Exactly the same routine was applied for CMC/CHI multilayer buildup though a lower concentration of polymers (0.1 mg ml
) was used. The electrochemical measurement, i.e. cyclic voltammetry and chronoamperometry, were carried out after modification with PEI layer and later after deposition of 3, 6 and 9 polyelectrolyte bilayers under aerobic conditions at room temperature in a one-compartment 10 ml electrochemical cell. Cyclic voltammograms of 4 mM potassium ferricyanide solutions were performed by sweeping the potential at 100 mV s − 1 scan rate in the range −200 to 650 mV vs. Ag|AgCl|KCl sat . Chronoamperometric current responses were recorded both in the presences and in the absences of electroactive species in the supporting buffer solution by stepping potential for 10 s from 400 to 0 mV vs. Ag|AgCl|KCl sat .
Results and discussions
Polyelectrolyte multilayer formation
The initial layer of PEI was applied onto a bare gold electrode surface, serving as an anchor for subsequent polyelectrolytes adsorption [55] . Poly(ethylene imine) is a weak polybase, commonly used as an adhesion promoter in order to achieve a positively charged substrate with an even coating, and to minimise an influence of the surface on the growth of consecutive layers [56] . The next step in the multilayer film construction included the exposure of the electrode surface to a negatively charged polymer, either PSS or CMC, followed by a careful rinsing. Then, a positively charged polyelectrolyte, PAH or CHI, respectively, was adsorbed and the surface washed again. The procedure was repeated until desired number of polyelectrolyte bilayers were obtained, originating in the PSS/PAH or the CMC/CHI LbL assembled film, respectively. It should be noted that the PSS/PAH films were composed of a strong polyacid, poly(styrene sulfonate) [57] and a weak polybase, poly(allylamine hydrochloride) [32] , whereas, CMC/CHI systems were built based on a weak polyacid: carboxymethyl cellulose [58] and a weak polybase:chitosan [59] .
The multilayer formation processes were carried out from two different solutions, i.e. buffer and water, which were also used in the washing steps. This yields three different cases for each system: First, the polyelectrolytes, including PEI, were dissolved and LbL assembled in buffer (composition described in Section 2.1.), for PSS/PAH film in Tris and CMC/CHI in phosphate, and then rinsed between LbL adsorption steps with water (called the buffer-water case). The second category involved above mentioned buffers as solvents and washing media (i.e., the buffer-buffer case). The third case corresponded to the procedure in which water was the environment for both multilayer buildup and rinsing (i.e., the water-water case).
The development of the multilayer films, in terms of the amounts and the thicknesses of the layers is presented in Fig. 1 as a summary of the data from the ellipsometric monitoring. A monotonous multilayer growth can be observed for PSS/PAH polyelectrolyte system from all LbL deposition cases, whereas CHI/CMC multilayer formation can be noticed only in the buffer-water case (Fig. 1b) .
Concluding on PSS/PAH polyelectrolyte system the major trend is obvious, i.e., the resulting layers from polyelectrolytes dissolved in water are much thinner than those adsorbed from the buffer. The thickest layers of PSS/PAH were obtained when polymers had been dissolved in buffer and washed with water in between (i.e., the bufferwater case, Fig. 1a) . After the initial slow growth of first bilayers, the buildup of the film was linear with the average of the thickness increase of approximately 2 nm per polyelectrolyte bilayer. In the same manner, the increment of adsorbed amount followed linear multilayer development, with about 1.92 mg m − 2 increase per polyelectrolyte bilayer. These characteristics resulted into 0.94 g cm − 3 polyelectrolyte density in the film at the end of the entire experiment. The bufferbuffer and the water-water cases revealed a linear PSS/PAH growth in respect to the adsorbed amounts and the thicknesses (Fig. 1c and e) . The multilayer growth parameters in terms of the adsorbed amount, the thickness growth per bilayer and the final density of polyelectrolytes in the film were 1.71 mg m − 2 vs. 0.56 mg m − 2 , 1.50 nm vs.
0.80 nm, and 1.14 g cm − 3 vs. 0.72 g cm
, for the buffer-buffer vs. water-water cases, respectively.
Consider the electrostatic forces in the present system the electrostatic repulsion between polymer segments of the same charge prevails in the water-water case (Fig. 1e) and induces stretching out of the polyelectrolyte chains, which results in to an extended, rodshaped polymer conformation. Therefore, the polymers form a flat LbL film upon adsorption. The lowest density of the film (0.72 g cm − 3 ) in this case indicates that the rod-like structure does not allow ordered packing of polymer molecules into a dense film.
At higher ionic strength, the long range electrostatic forces are nearly fully screened and thus the repulsive forces between the charged segments along the polymer chains are minimised and the polymers acquire random coil conformations. Consequently, deposition of the PSS/PAH from buffer solution (Fig. 1c) leads to higher amounts of the polyelectrolytes and larger thicknesses of the deposited layers. The minimised repulsion between the random coil of the polymers results in the most dense polyelectrolyte films (1.14 g cm ) if compared among the three studied cases. The highest growth of the PSS/PAH films in terms of mass and thickness resulting into intermediate film density (0.94 g cm − 3 ) at the conditions when washing is done by pure water (i.e., the buffer-water case) (Fig. 1a) can also be rationalised. During the washing step with water, counter ions present in multilayers might diffuse out of the layers into water, causing higher charges unbalance in the bulk film. As a consequence the uncompensated charges within the film drive a thicker adsorption of the subsequent polyelectrolyte layer, and overall thicker film is formed. The washing with water should also increase the repulsion between the polymer coils in the film and as a consequence reduce the overall density of the PSS/PAH multilayer. Above explanation can be supported by the previous studies of PSS/ PAH films built in the presence of salt. Ladam et al. [34] showed that LbL multilayers were affected by diminishing the ionic strength after the buildup was completed, resulting in significant swelling (i.e., about 20%). The CMC/CHI polysaccharide films adsorbed on gold surfaces behave considerably different if compared to PSS/PAH multilayers. The growth of thicknesses and adsorbed amounts of CMC/CHI can only be seen in two cases, namely the buffer-water (Fig. 1b) and the buffer-buffer (Fig. 1d) cases, respectively. The growth is very excessive for the first bilayers and becomes linear for subsequent layers with a thickness increase of 0.90 nm and 3.50 nm per bilayer in the bufferwater and the buffer-buffer case, respectively. These values are comparable to the PSS/PAH multilayer formation. In the linear growth phase, the adsorbed amount per CMC/CHI polyelectrolyte bilayer is, however, considerably different with 0.46 mg m − 2 and 1.37 mg m − 2 per bilayer for the buffer-water and the buffer-buffer case, respectively. The mass growth and the final polyelectrolyte densities of CMC/CHI films (0.50 g cm − 3 for the buffer-water and 0.39 g cm − 3 for the buffer-buffer case) are much lower than the same characteristics of the PSS/PAH polyelectrolyte films described above. A high amount of CMC/CHI polyelectrolytes adsorbed in the first bilayer suggests that the charge and the amount of surface confined PEI play a significant role. This is specifically true when polyethyleneimine is adsorbed from the buffer solution and the surface is washed with the high ionic strength buffer (Fig. 1d) . Most probably, great amount of random coil PEI is left on the surface. This provides a considerable positive charge associated with the surface and as anticipated, such a surface will adsorb considerable amount of CMC/ CHI during the first bilayer formation. If, however, PEI-treated surface is washed with water (Fig. 1b) , it is obvious that adsorbed PEI will swell and some amount of PEI will desorb due to intermolecular charge repulsion. Hence, washing PEI-treated surface with water reduces total charge adsorbed on the surface and thus results in a lower amount of CMC/CHI adsorbed with the first bilayer if compared with the buffer washing case.
In the water-water case the growth of the CMC/CHI film stops already after the first bilayer (Fig. 1f) . The thickness of the multilayer films is strongly affected by the degree of charge density on the polymer. A minimum amount of charge density on polyelectrolyte chain is needed for the formation of a stable multilayer. The distribution of the charge density along the chains plays also an important role, since it was shown that short, strongly charged blocks were sufficient to construct multilayers [60] . Therefore, it could be concluded that CMC and CHI do not retain sufficient charges to assemble the multilayer in water-water system. More generally, a multilayer assembly from the weak polyelectrolyte (polybase/polyacid) couple requires much better control over pH of the solution.
From Fig. 2 , which summarises nearly all cases of multilayer formation procedures described in Fig. 1 , it can be seen that, the PSS/ PAH polyelectrolyte system exhibits an approximately linear growth of multilayers for each LbL assembly condition/case studied. Generally, the CMC/CHI also shows linear LbL assembly. However, the formation of the first bilayer is an exception. Due to a relatively high PEI charge at the PEI-treated surface a high amount of weak CMC/CHI polyelectrolytes is adsorbed during the initial growth of the LbL film. Additionally, in the case of weak polyelectrolytes, the pH control in water is not sufficient to realise the buildup of the multilayers. The mass density of the PSS/PAH multilayers (range 0.72-1.14 g cm − 3 )
corresponds to the values obtained by Lösche et al. [21] for the same assemblies adsorbed on silica surfaces: 0.81 and 1.13 g cm − 3 as fully hydrated and fully dehydrated films, respectively, and interestingly, close to the density of protein films (1.33 g cm − 3 ) [61] or protein bilayers at the gold supports, e.g., composed of lactoperoxidase adsorbed on bovine serum albumin (1.25 g cm
) [48] . The densities of CMC/CHI polyelectrolytes (range 0.39-0.50 g cm − 3 ) can be compared to previously studied films of extensively glucosylated proteins, e.g., human salivary mucin layer on bare gold [48] or hydrophobized silica surfaces [62] which have the density of approximately 0.12 g cm − 3 or bovine mucin film with an order of magnitude lower density of 0.01-0.05 g cm − 3 [48, 63] .
Electrochemical studies of the assembled multilayers
The multilayers evaluated by using ellipsometry were simultaneously studied with electrochemical methods. The aim was to assess the layer permeability to small molecules, in our particular case [Fe (CN) 6 ] 3−/4− ion, i.e., ferri-/ferrocyanide ion. The permeability of ferri-/ ferrocyanide through the multilayers can be easily measured as an electrical current, which results from the oxidation or reduction of the redox molecules at the electrode surface. Obviously, the current depends on the transport of electroactive species through the polymer layer, which mechanistically can be imagined as a diffusion process of ferri-/ ferrocyanide through the pores/pinholes in a polyelectrolyte layer or through homogeneous polymeric film matrix.
In our experiments, first, the film permeability to the redox ions was studied by cyclic voltammetry. The measurements were performed with polyelectrolyte modified gold electrodes, specifically, after PEI, and additionally, after 3, 6, and 9 polyelectrolyte bilayers deposited on the electrode surface. Fig. 3 summarises cyclic voltammograms obtained with modified gold electrodes at different conditions. At first, cyclic voltammetry enables to compare quickly and qualitatively the polymer multilayer coatings by analyzing the value of the peak current and the shapes of the voltammograms. As it can be seen from Fig. 3 , only the PSS/PAH LbL buildup using buffer deposition step and water (Fig. 3a) or buffer (Fig. 3c) washing step result into well pronounced diminish of the peak currents. The process is obviously related to the blocking of the electrode surface by the insulating polymer layers. It is also easy to note that cyclic voltammograms (CVs) turn from peak-shaped to sigmoid-shaped as a number of PSS/PAH bilayers increases. This indicates that the diffusion of ferri-/ferrocyanide through micropores or pinholes in the polyelectrolyte layer determines the electrode current. From potential scan rate, ν, at which the shape of CVs become sigmoidal we can estimate an approximate radius of the micropores, r 0 (ν ≈ RTD/nFr 0 , where R is molar gas constant, T is absolute temperature, D is diffusion coefficient for redox couple, 7.8 ⁎ 10 − 6 cm 2 s
, n = 1 is a number of electrons in electrochemical reaction, and F is Faraday constant). Taking ν = 100 mV s − 1 the calculation returns a 14 μm micropore radius. The absence of a noticeable changes in the CVs recorded with the electrodes modified at other conditions (Fig. 3b, d , e, and f) indicates that the polyelectrolyte layers on these electrodes have much bigger pores and even might form relatively homogeneous, low density, gellike film structures. The comparison of CVs (Fig. 3 ) and ellipsometry data ( Fig. 1 ) allows us to conclude that the layers with polyelectrolyte density below 0.80 g cm − 3 do not restrict the diffusion of the redox couple (ferri-/ferrocyanide in this case) to the electrode surface at relatively slow potential sweep rates, i.e., cyclic voltammetry measurements at 100 mV s
. The absence of a pronounced effect on the shape of the CVs with the number of growing layers probably can be expected for diminutive growing LbL polyelectrolyte Fig. 3 . Cyclic voltammograms of 4 mM ferricyanide in 50 mM Tris buffer with 100 mM KCl, pH 7.8 for the PSS/PAH system ((a) the buffer-water case, (c) the buffer-buffer case, and (e) the water-water case) or in 50 mM citrate-phosphate buffer with 50 mM NaCl, pH 5.0 for the CMC/CHI system ((b) the buffer-water case, (d) the buffer-buffer case, and (f) the water-water case) after adsorption of PEI ( ), 3 bilayers (✳), 6 bilayers (◊), and 9 bilayers (▼). Scan rate 100 mV s assemblies (compare Figs. 2 and 3 ). It is logical that the LbL assembly of such multilayer films is driven by weaker charge interactions, which in return gives a loose layer structure.
To characterise the structure of the LbL films more comprehensively we additionally explored another electrochemical technique, namely chronoamperometry. Chronoamperometric measurements return a current-time dependency as a response to a potential step at the electrode. The chronoamperometric current is mathematically described by modelling the diffusion of the redox species through (i) a membrane, i.e., homogeneous polymer layers at the electrode surface or through (ii) pinholes in the impermeable film, i.e., the holes in the polymer film. At a bare and cleaned electrode chronoamperometric response follows the Cottrell equation (Eq. (2)), which turns into different expressions depending whether polymer layers on the electrode behave as a homogeneous membrane (Eq. (3)) or as a layer with holes (Eq. (4)):
where A geom is a geometric area of the electrode, t is a time (in our case from 0 to 10 s) and C is the concentration of the redox species in solution (in our case C = 4 mM of ferricyanide). Other constants have already been defined above by considering CVs. For a membrane model the current has the following expression [44] :
where c m , D m , c sol , and D sol are concentrations and diffusion coefficients of redox species in membrane and solution, respectively, K is an extraction coefficient, and
. For a pinhole model a chronoamperometric current response is [64, 65] :
where N is a number pinholes per cm 2 in the membrane and r 0 is the most representative radius of the pinhole.
All LbL-modified electrodes were subjected to chronoamperometric measurements with potential pulse for 10 s. However, as in a case with CV measurements, only two of LbL structures deposited on electrodes showed currents lower than the diffusion limited current at unmodified electrodes. Specifically, these were LbL structures of PSS/ PAH polyelectrolytes deposited from buffer and washed with buffer or water in between the deposition steps. The chronoamperometric responses of these electrodes as current vs. time dependence (Fig. 4) were fitted into membrane and pinhole models, respectively (Eqs. (3) and (4)). It appeared that reasonable fitting was possible only to the pinhole model, which indicates that diffusion limiting LbL structures with up to 9 bilayers do not represent homogeneous membranes and, thus can be considered as rather inhomogeneous and pinhole dominating polyelectrolyte layers.
Fitting chronoamperometric responses to the pinhole model revealed interesting features. For both PSS/PAH LbL deposition conditions, i.e., the buffer-buffer and the buffer-water cases, the chronoamperometric response is apparently dominated by the diffusion of the redox species through the pinholes with a radius between 8 and 16 μm. This pinhole radius apparently determines the chronoamperometric current response even when further building the LbL structure from 3 to 9 PSS/PAH polyelectrolyte bilayers. The calculation actually shows that the growth in the polyelectrolyte Fig. 4 . Chronoamperometric responses at gold electrodes modified with PEI ( ), and subsequent 3 (✳), 6 (◊), and 9 (▼) PSS/PAH bilayers, represented in Cottrell coordinates. LbL assembly conditions (a) and (b) are as in Fig. 1a (the buffer-water case) and Fig. 1c (the buffer-buffer case) , respectively. Fitting the data to pinhole model, Eq. (4) is described in the text and the parameters are provided in the table. ND (no data) denotes that the parameter has no meaning since the chronoamperometric response is determined by the diffusion of ferri-/ferrocyanide to the entire area of the electrode and thus the chronoamperometric response is described by Cottrell equation, Eq. (2).
bilayers on the surface of the electrodes systematically reduces the number of the pinholes. This is obvious from the calculation results summarised in Table 1 .
Another important feature could be noticed from the chronoamperometric measurements, namely that at all PEI or polyelectrolyte modified electrodes, without the pinhole structure detected, the measured current is higher than the diffusion limited current. As an example, Fig. 5 depicts an average of chronoamperometric response at PEI modified electrodes.
The measured chronoamperometric responses higher than the current limited by the diffusion can be explained by noticing that all chronoamperometric measurements were made with polyelectrolyte modified electrodes where the last deposited polyelectrolyte was positively charged, i.e., PEI, PAH or CHI. A positively charged polyelectrolyte obviously attracts negatively charged ferri-/ferrocyanide. We attempted to estimate an amount of pre-concentrated redox molecules for PEI modified electrodes, because at these electrodes we have observed the highest deviation from the diffusion limited current. The estimation was done by integrating the current which was above the diffusion limit at the partially blocked electrode, i.e., the difference between the data represented with circles and square symbols in Fig. 5 . The mean value of pre-concentrated redox charge was found to be 730 pmol cm − 2 , which is comparable to the concentration of a fully packed thiol monolayer at gold electrodes (750-850 pmol cm − 2 [66] ). From the time period when this higher current is observed we also can estimate that the preconcentration extends to approximately 10 μm and thus would result in about 20% higher adjacent to the surface concentration of redox molecules than in solution. This estimate was calculated by using diffusion coefficient of the ferri-/ferrocyanide in solution. Unfortunately, 10 μm distance of disturbed concentration is probably not realistic if considering the distances that charge-charge interactions can extent in 100 mM KCl electrolyte. The overestimation is obviously due to not accounted charge interactions between the positively charged PEI and ferri-/ ferrocyanide, which disturb the diffusion of the redox molecules at the electrodes. The amount of pre-concentrated redox molecules though might be realistic.
Conclusions
Combination of ellipsometry and electrochemistry was used to characterise LbL deposited polyelectrolyte structures on gold surfaces initially pre-treated with PEI. Two polyelectrolyte systems and three different LbL deposition condition were compared. It was found that the polyelectrolyte system consisting of strong acids (i.e., PSS) and weak basis (i.e., PAH) result into relatively dense surface confined LbL polyelectrolyte structures. The polyelectrolyte system of weak polysaccharides (i.e., CMC and CHI) yielded very low density of LbL films with estimated polyelectrolyte density in the film as low as 0.39 g cm − 3 . This density is much lower than a density of globular protein films and a little bit higher that the density of surface confined mucin layers, which are known to be highly hydrated.
Electrochemical measurements of diffusion properties of small redox molecules through the polyelectrolyte films confirmed that only PSS/PAH polyelectrolyte films restricts permeability of small molecules. This feature was well pronounced when LbL PSS/PAH film was assembled from buffered solution and washed in between LbL steps with buffer or water. Therefore compact polyelectrolyte films can be envisaged as membranes containing a high number of micrometer pinholes. During the deposition process, i.e., by increasing the number of polyelectrolyte bilayers, the number of pinholes quickly reduces. The data, however, indicate that the diameter of pinholes, which determines the main pathway of diffusion of the small redox molecules through the films might be of 10th μm in radius and can stay the same at the initial polyelectrolyte LbL assembling steps (in our case up to 9 polyelectrolyte bilayers).
